Escherichia coli is associated with inflammation in the brain. To investigate whether astrocytes are involved in E. coil -induced inflammation, we assessed the levels of expression of proinflammatory mediators produced by E. coliinfected astrocytes. 
Introduction
The gram-negative bacterium Escherichia coli causes inflammation such as meningitis or abscess in brain, although these are relatively rare situations [1, 2] . Bacteria-infected tissues reveal infiltration of a variety of inflammatory cells. Numerous studies have recognized the importance of innate immune responses to bacterial infections which subsequently influence the development of adaptive immune responses [3] . Despite the importance of innate immune responses, however, little is known about the initial response of glial cells to E. coli and the pathogenic mechanisms of inflammation of central nervous system (CNS) due to E. coli infection.
A hallmark of CNS inflammation is the recruitment, activation, and entry of immune cells within the brain parenchyma through the blood-brain barrier. Once within the CNS, these cells release proinflammatory cytokines, and these cytokines may induce damage to neurones and glial cells and/or activate brain endothelial cells, microglia, and astrocytes, thus leading to an amplification of the inflammatory phenomena [4] [5] [6] .
Astrocytes, the major glial cells in the CNS, maintain homeostatic microenvironment and also play an important role in immune regulation by producing chemokines, cytokines and nitric oxide (NO) [7] . Within the CNS, inflammatory responses rapidly induce marked astrocytic changes, referred to as reactive gliosis. Gliosis may be viewed as detrimental to neuronal function by forming glial scars or producing neurotoxic mediators such as tumour necrosis factor (TNF)-a [7] . The activated astrocytes can produce a repertoire of proinflammatory cytokines such as interleukin (IL)-8, and monocyte chemoattractant protein-1 (MCP-1) [8] [9] [10] [11] . Therefore, astrocytic release of cytokines and chemokines can further exacerbate the pathological processes of degenerative or inflammatory CNS diseases.
Proinflammatory mediators, including chemokines (IL-8, growth-related oncogene (GRO)-a and MCP-1), TNF-a and inducible nitric oxide synthase (iNOS), are important mediators for the inflammatory response to many stimuli such as infection with pathogens [12, 13] . These proinflammatory mediators have been shown to have multiple biological functions in inflammatory responses such as chemoattraction/ activation of a variety of inflammatory cells and induction of fever [12, 13] . Interestingly, astrocytes infected with some pathogenic viruses are known to be up-regulated expression of several chemokine genes [14] [15] [16] , however, very little is known about these proinflammatory mediator genes expression in astrocytes following infection with E. coli , which is a potentially important mechanism underlying the initiation of inflammatory disease in the CNS. Although E. coli infection is a relatively rare cause of brain abscesses or meningitis, it is a useful paradigm and tool for study about inflammatory responses in the CNS.
Many of the genes that are activated by bacterial infection have been shown to be target genes of the transcription nuclear factor-kappa B (NF-k B) [17] [18] [19] [20] [21] . NF-k B is a dimeric transcription factor which is held in the cytoplasm in an inactive state by I k Bs [22] [23] [24] . I k B kinases (IKK) directly phosphorylate I k Bs, thereby freeing NF-k B dimer from the inactive complex to translocate to nucleus. However, the role of NF-k B in the E. coli -induced signal transduction of astrocytes has not yet been clarified. In the present study employing primary astrocyte cultures and cell lines, we examined the activation of potential proinflammatory mediator genes in astrocytes following infection with E. coli , and demonstrated that E. coli could induce chemokines (IL-8, GRO-a , and MCP-1), TNF-a and iNOS through the NF-k B pathway.
Materials and methods

Astrocyte cultures and infection
U87-MG (ATCC HTB-14) human astrocytoma cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS; Gibco BRL, Grand Island, NY, USA) and 2 m m l -glutamine.
The fetal astrocytes were isolated from 20 to 25-week-old human fetal samples. Use of the tissue samples was approved by the Institutional Review Board. The astrocytes were purified as described previously [25, 26] . Astrocyte cultures yielded more than 98% positive for glial fibrillary acidic protein (GFAP) and less than 1% of the cells were microglia, based on their positive staining for HLA-DR. The primary cultures of astrocytes were maintained for up to 8 weeks after purification.
Before infection, after removal of antibiotics, the astrocytes were cultured in 6-well tissue culture plate for 24-48 h, and confluent monolayers of the cells in the culture plate (1 ¥ 10 6 /well) were incubated with E. coli (1 ¥ 10 7 /well) for the indicated times: E. coli K1 was grown to late log phase at 37 ∞ C in tryptic soy broth. The uninfected controls were included in every experiment performed. In some experiments, astrocytes were treated with iNOS inhibitor (N Gnitro-L-arginine methyl ester (L-NAME), ICN Biomedical, Aurora, OH, USA) or an inhibitor of I k B kinase (IKK) (NFk B essential modifier (NEMO)-binding domain (NBD) peptide (200 m m , Peptron, Daejeon, Korea)), for 1 h before and during the exposure to E. coli . An NBD peptide can block association of NEMO with the IKK complex and inhibit NFk B activation [20, 27] .
RT-PCR analysis, ELISA, and determination of nitrite/ nitrate
Astrocytes in 6-well plates were infected with E. coli for the indicated times, and then total cellular RNA was extracted using Trizol reagent (Life Technology, Palo Alto, CA, USA). Quantitative RT-PCR by using internal standard was used to quantify mRNA levels, as described previously [20] . mRNA levels of 5 ¥ 10 3 molecules/ m g of total RNA were considered positive, although lower levels could be detected and quantified, however, considered to be biologically insignificant, since they would reflect average less than 1 mRNA/20 cells [28] . Synthetic standard RNA was kindly provided by Dr Kagnoff at the University of California, San Diego. PCR amplification consisted of 32-35 cycles of 1-min denaturation at 95 ∞ C, 2·5-min annealing and extension at either 60 ∞ C (IL-8 and GRO-a ), 65 ∞ C (MCP-1 and RANTES), or 72 ∞ C (TNF-a and b -actin). PCR amplification for eotaxin and human iNOS consisted of 35 cycles of 45 s denaturation at 94 ∞ C, 45 s annealing at either 53 ∞ C (eotaxin) or 60 ∞ C (iNOS), and 2 min extension at 72 ∞ C.
Cytokines in culture supernatants were assayed by ELISA. Before cytokine proteins were measured, the supernatants were filtered through a 0·22-m m filter to remove any contaminants. The levels of IL-8, GRO-a , MCP-1, and TNF-a were determined by Quantikine immunoassay kits (R & D Systems, Minneapolis, MN, USA). Cytokine proteins were quantified in triplicate, and the detection limit was the same for the all five cytokines; 5 pg/ml.
To determine the levels of stable NO end products (nitrite and nitrate), the nitrate was first reduced to nitrite by incubating the samples for 60 min at room temperature with 0·05 U/ml nitrate reductase (Oxford Biomedical, Oxford, MI, USA) and 0·1 m m b -NADH in 25 m m MOPS buffer (pH 7·0) containing 0·5 m m EDTA. The nitrite levels were then determined using the Griess reaction, as described previously [29, 30] .
Electrophoretic mobility shift assays
Cells were harvested, and nuclear extracts were prepared as described [19, 20] . The concentrations of proteins in the extracts were determined by the Bradford assay (Bio-Rad, Hercules, CA, USA). Electrophoretic mobility shift assays (EMSA) were performed according to the protocol of the manufacturer (Promega, Madison, WI, USA). In brief, 5 m g of nuclear extracts were incubated for 30 min at room temperature with 32 P-labelled oligonucleotide probe containing a consensus NF-k B binding site. After incubation, bound and free DNAs were resolved on 5% native polyacrylamide gels as described previously [19, 20] .
Supershift assays were used to identify the specific members of the NF-k B family, which could be activated by infection of E. coli . EMSA was performed as described above except that rabbit antibodies (1 m g/reaction) raised against NF-kB proteins, including p50, p52, p65, c-Rel, and Rel B (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were added during the binding reaction period [19, 20] .
Immunoblots for Ik k k kB, IKK and NOS
Confluent monolayers in 6-well plates were washed with icecold PBS, and lysed in a 0·5 ml/well lysis buffer[150 mm NaCl, 20 mm Tris (pH 7·5), 0·1% Triton X-100, 1 mm PMSF, 10 mg/ml aprotonin], as described previously [19, 20] . 
Plasmids transfections and luciferase assays
A mammalian expression vector encoding a haemagglutinin (HA) epitope-tagged mutant IkBa (IkBa-AA) having substitutions of positions 32 and 36 serine residues with alanine residues (a gift of Joseph A. DiDonato, Cleveland Clinic Foundation, Cleveland, OH, USA) [31] and an expression vector encoding FLAG-tagged IKKa whose lysine at position 44 was replaced by alanine (IKKa-AA) [a gift of Dr Mercurio (Signal Pharmaceuticals, San Diego, CA, USA)] [32] , were used to block NF-kB activation. An expression vector for an NF-kB-inducing kinase (NIK) catalytic mutant, that has double replacement of positions 429 and 430 alanine residues to lysine residues and lacks kinase activity (NIK-AA), was a gift of Dr Karin, the University of California, San Diego [17] . Expression vectors for the superrepressor versions of TNF receptor-associated factor (TRAF)2 and TRAF5
(amino-terminal deletions) [33, 34] were gifts from Joseph A. DiDonato [17] . pIL8-luciferase, p2x NF-kB-luciferase, pbactin-luciferase and pRSV-b-galactosidase transcriptional reporters were kindly provided by Dr Kagnoff at the University of California, San Diego, USA [17] , and pMCP-1-luciferase transcriptional reporters were kindly provided by Dr Ik-Sang Kim at the Seoul National University College of Medicine, Seoul, Korea [35] . Cells in six-well dishes were transfected with 1·5 mg of plasmid DNA, using Lipofectamine Plus (Gibco BRL), according to the manufacturer's instructions. The transfected cells were incubated for 48 h at 37∞C in a 5% CO 2 incubator, and then were incubated with E. coli or recombinant human TNF-a (R & D Systems) as a control for 6 h. Whole cell lysates were prepared as described before [19, 20, 30] . Briefly, cells were lysed at 4∞C for 25 min in a whole cell lysis buffer (0·1 m KPO 4 , 0·1 m DTT, 0·5% Triton X-100, pH 7·8), and luciferase activity was determined and normalized relative to b-galactosidase expression in accordance with the manufacture's instruction (Tropix Inc., Bedford, MA, USA).
Recombinant retrovirus and antisense p50 oligonucleotide transfection
Dominant-negative IkBa (S32A, S36A) [31] was amplified with sense (5¢-aaccATGGCATACCCATACGACGTCCCA GACTACGCTttccaggcggccgagcgcccccaggag-3¢) and antisense (5¢-aaaaGGATCCtcataacgtcagacgctggcct-3¢) primers by using high fidelity Taq polymerase (Life Technology). The capital letters represent nucleotides encoding a HA tag. The PCR products were digested with Nco-1 and BamH1 restriction enzymes and cloned into the corresponding sites in MFG retroviral vector by replacing the GFP sequence of MFG.GFP.IRES.puro. The retroviral plasmids obtained were introduced into 293 gpg retrovirus packaging cell line by transient transfection with Lipofectamine (Life Technology) [30] . After 72 h, the supernatants were harvested and used for retroviral infection. The virus titres, measured in NIH3T3 cell line by puromycin-resistant colony formation, were between 10 5 and 5 ¥ 10 5 /ml (retrovirus-IkBa-AA). The infection and selection of target cells with puromycin was performed as described previously [30] .
The experiments by using antisense p50 oligonucleotide transfection were performed as described before [19] . U87-MG astrocytes were treated for 60 h with oligonucleotide (final concentration of 0·5 mm), using a cationic liposome, a commercially available transfection reagent DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl ammonium methylsulphate, 15 ml/ml; Boehringer-Mannheim, Mannheim, Germany) to improve stability and intracellular delivery of oligonucleotide [19] . Cells were trypsinized and plated again at a density 5 ¥ 10 5 cell/ml in 24-well plates. Oligonucleotide was added to the cells at a final 0·5 mm concentration and incubated for an additional 18 h. The transfected monolayers were infected with E. coli for 24 h and the culture medium was collected. The amount of each cytokine and NO x was measured using ELISA and the Griess reaction, respectively.
Statistical analysis
Data are presented as mean ± standard deviation (SD) for quantitative RT-PCR, and mean ± standard error of the means (SEM) for ELISA and luciferase assay. Wilcoxon's rank sum test was used for statistical analysis. A P-value less than 0·05 was considered statistically significant.
Results
E. coli infection up-regulates IL-8, GRO-a a a a, MCP-1, TNFa a a a, and iNOS in astrocytes
CXC chemokine such as IL-8 and GRO-a, CC chemokine MCP-1, TNF-a, and iNOS are proinflammatory mediators that are involved in the inflammatory process. We assessed gene expression of these mediators in astrocytes following E. coli infection. As described in Table 1 , quantification of mRNA using synthetic standard RNA showed that the levels of IL-8, GRO-a, MCP-1, TNF-a, and iNOS mRNA expression in primary fetal human astrocytes were 6-49 folds higher by E. coli infection than those by control. The numbers of proinflammatory mediator mRNA transcripts in U87-MG cell lines also increased in response to E. coli infection (data not shown). However, mRNA expressions of eotaxin and RANTES were not increased in the E. coliinfected astrocytes.
Astrocytes can express neuronal NOS (nNOS) [36] . Therefore, in order to determine whether the level of iNOS mRNA correlated with the iNOS protein expression and whether E. coli infection influenced nNOS expression in astrocytes, cell lysates extracted from E. coli-infected and uninfected primary human astrocytes were analysed by immunoassay. The level of iNOS protein was increased at 12 h and 24 h after E. coli infection, nNOS protein bands were not changed, and endothelial NOS (eNOS) protein was not expressed, regardless of E. coli infection (data not shown). In this system, E. coli infection of primary human astrocytes increased production of NO x (i.e. NO 2 -and NO 3 -) and the addition of iNOS inhibitor, L-NAME (0·5 mm), reduced the NO x production (control, 7·7 ± 1·2 mm; E. coli-infected; 31·8 ± 6·2 mm; E. coli + L-NAME; 15·6 ± 3·5 mm; mean ± SEM, n = 3). These results indicate that increase of NO production by E. coli infection may be due to up-regulation of iNOS.
The magnitude of the cytokine response was proportional to the number of infected E. coli per astrocyte. Infection of the primary astrocytes (1 ¥ 10 6 cells) with increasing number of E. coli for 12 h paralleled with the increased IL-8 mRNA expression: At 12 h after infection of the cultured cells with 10 5 , 10 6 , 10 7 , 10 8 and 10 9 CFU of E. coli, the IL-8 mRNA transcripts increased by 1·6 ± 1·1, 17·1 ± 4·2, 36·9 ± 3·7, 35·2 ± 4·9, and 25·8 ± 6·3-folds, respectively, compared to those of uninfected controls (mean fold-increase ± SD, n = 3). In this experiment, mean number of IL-8 mRNA transcripts of the uninfected control was 2·1 ¥ 10 5 transcripts/mg RNA.
E. coli infection induces activation of p50/p65 heterodimeric NF-k k k kB and degradation of Ik k k kBa a a a in human astrocytes
The transcription factor NF-kB has a role in the transcriptional activation of several proinflammatory genes in bacterial infections. To determine whether E. coli could activate NF-kB in astrocytes, DNA binding studies were performed using cell extracts obtained at various times after infection of human astrocytes. As seen in Fig. 1a and b , infection of the primary astrocytes and U87-MG cell lines with E. coli increased NF-kB DNA binding, as shown by EMSAs. In addition, degradation of IkBa and IkBb was observed in E. coliinfected astrocytes, as determined by immunoblot analysis. Table 1 . mRNA expression of cytokines and iNOS in primary human astrocytes infected with E. coli *.
Time after infection (h)
*Primary human astrocytes in 6-well plates were incubated with E. coli for the indicated times. The ratio of E. coli to astrocytes was adjusted to 10 : 1. For quantification of the expressed transcripts, total RNA was reverse-transcribed using an oligo(dT) primer and synthetic internal RNA standards, and amplified by PCR. † mean numbers ± SD of mRNA transcripts (10 4 )/mg RNA (n = 5). Parentheses are mean fold-induction compared with uninfected control.
NF-kB exists as either homo-or heterodimeric complexes [24] . Therefore, to identify the specific NF-kB subunits that comprise the NF-kB signal, a supershift assay was performed, using specific antibodies to p50, p52, p65, c-Rel, and Rel B. As shown in Fig. 1c , in primary human astrocytes after E. coli infection, the antibody to p65 was found to shift the entire signal and the antiboy to p50 also caused a significant shift. However, anti-p52, anti-c-Rel, or anti-Rel B antibodies did not shift the NF-kB signals. Similar results were also obtained in the U87-MG human astrocyte cell lines (data not shown).
Inhibition of NF-k k k kB suppresses the expression of IL-8, GRO-a a a a, MCP-1, TNF-a a a a, and iNOS in astrocytes infected with E. coli
Oligonucleotides consisting of either antisense or sense p50 mRNA binding sequence are taken up by cells, and the presence of antisense oligonucleotide in cytoplasm prevents p50 mRNA transcription and NF-kB activation, resulting in the inhibition of NF-kB-dependent events [19] . Therefore, to confirm that the activated NF-kB was directly related to E. coli-induced cytokine or NO x production, p50 antisense oligonucleotide experiments were performed. As shown in Fig. 2, p50 antisense oligonucleotide significantly decreased the E. coli-induced production of CXC chemokine (IL-8 and GRO-a), CC chemokine (MCP-1), TNF-a, and NOx. On the other hand, sense oligonucleotide sequence had no significant effect. Consistent with these, as shown in Fig. 3 , blocking the activation of NF-kB in primary astrocytes transfected with retrovirus-IkBa-AA significantly inhibited the expression of those proinflammatory mediators up-regulated by E. coli infection. In these experiments, transfection with retrovirus-IkBa-AA completely blocked NF-kB activity in E. coli-infected cells, however, the control retrovirus containing GFP plasmid did not change NF-kB activation (Fig. 3a) , demonstrating a direct association between NF-kB activation and production of proinflammatory mediators in response to E. coli infection. We asked whether retrovirusIkBa-AA could influence IL-8 expression in the astrocytes stimulated with TNF-a. Retrovirus-IkBa-AA almost completely inhibit expression of IL-8 induced by TNF-a stimulation (control, 0·38 ± 0·25; TNF-a stimulation, 11·87 ± 4·2; TNF-a + retrovirus-IkBa-AA, 0·56 ± 0·32; TNF-a + retrovirus-control plasmid, 12·80 ± 3·6; mean ± SEM (ng/ml) of three separate experiment). These results suggest that retrovirus-IkBa-AA can completely suppress IL-8 expression via TNF-a-induced NF-kB pathway.
E. coli infection increases phosphorylated IKK signals in astrocytes
Major pathways for NF-kB activation are involved in the activation of IKK, which is followed by IkB degradation [23] . In the present study, E. coli infection increased the signals of phosphorylated IKKa/b in primary human astrocytes (Fig. 4) and U87-MG cell lines (data not shown). In order to study whether the activation of IKK was one of the major pathways that culminated in the expression of proinflammatory cytokines following E. coli infection, reporter gene activation using luciferase assay was performed. Addition of NBD peptide decreased the activation of IL-8 reporter genes in U87-MG cells infected with E. coli (Fig. 4b) . Similar results were obtained in the primary astrocytes infected with 2 . Effect of p50 antisense oligonucleotide on E. coli-induced cytokine and nitric oxide production. U87-MG astrocytes were transfected with either p50 antisense (AS) or sense (S) oligonucleotides using DOTAP. The transfected cells were then infected with E. coli for 24 h. Protein levels of each cytokine in culture supernatants were determined by ELISA. The levels of NO x (i.e. NO 2 -and NO 3 -) were determined, using the Griess reaction and nitrate reductase. Data are mean ± SEM (n = 5). *values with E. coli + antisense oligonucleotide sequence that are significantly different from those of E. coli alone (P < 0·05). We asked a question of whether the activation of IkB, IKK and NIK was involved in signalling pathway of astrocytes in response to E. coli infection. As shown in Fig. 5 , the activation of the IL-8, MCP-1, and NF-kB transcriptional reporters was inhibited in U87-MG astrocyte cell lines when cotransfected with IkBa, IKKb or NIK superrepressor plasmids, but not when cotransfected with control plasmid. However, the inhibition of IL-8, MCP-1 and NF-kB transcriptional reporters by NIK superrepressor was less than that by IkBa or IKKb superrepressors. These results suggest that NF-kB activation and IL-8/MCP-1 expression in the astrocytes by E. coli infection may be involved in other pathways, although NIK can partially be involved.
E. coli-induced activation of NF-k k k kB requires TNF receptor-associated factors
Many of the NF-kB target genes, including IL-8, may be activated by signalling through TNF receptor [37] . We attempted to assess therefore whether signal transduction via TNF receptors is also required for the activation of the NFkB target gene IL-8 in E. coli-infected cells. For these studies, an IL-8-luciferase transcriptional reporter was cotransfected into U87-MG cells with a TRAF2 superrepressor plasmid. In addition, some cultures were cotransfected with the IL-8-luciferase reporter together with a plasmid expressing a superrepressor of TRAF5, a protein which is important for the activation of NF-kB following signal transduction through the lymphotoxin-b receptor (LT-bR) [38] . Cultures were subsequently infected with E. coli or stimulated with TNF-a (20 ng/ml) as a control. As shown in Table 2 , increased luciferase activity in response to E. coli infection was significantly inhibited by blocking either TRAF2 or TRAF5. To confirm that E. coli-induced TRAF activation was directly associated with the secretion of IL-8 proteins, ELISA for was also performed and the result showed (control 0·27 ± 0·15, E. coli-infected 8·33 ± 1·05, E. coli + TRAF2 3·03 ± 0·51, E. coli + TRAF5 3·91 ± 0·38, E. coli + control plasmid 8·90 ± 0·98; mean ± SEM (ng/ml) of seven separate experiments). Similar results were also obtained in the E. coli-infected primary human astrocytes transfected with superrepressors of TRAF2 or TRAP5 (control 0·21 ± 0·06, E. coli-infected 4·29 ± 0·56, E. coli + TRAF2 2·07 ± 0·95, E. coli + TRAF5 2·53 ± 0·97, E. coli + control plasmid 4·31 ± 0·96; mean ± SEM (ng/ml) of three separate experiments). These results suggest that NF-kB activation induced by E. coliinfection requires intracellular signalling molecules TRAFs.
In contrast to E. coli infection, lipopolysaccharide (LPS, 10 ng/ml) stimulation did not change IL-8 expression in the primary human astrocytes transfected with superrepressors of TRAF2 or TRAP5 (control 0·29 ± 0·12, LPS stimulated 1·85 ± 0·32, LPS + TRAF2 1·62 ± 0·28, LPS + TRAF5 1·82 ± 0·25, LPS + control plasmid 1·92 ± 0·38; mean of IL-8 release ± SEM (ng/ml) of three separate experiment). These results suggest that IL-8 expression via TRAFs may reflect E. coli itself rather than LPS activity.
Discussion
E. coli infection causes inflammation such as meningitis or brain abscess [1, 14] . Although E. coli infection is a relatively rare cause of brain abscesses or meningitis, it is a useful paradigm and tool for study about inflammatory responses in the CNS. In the present study, we have demonstrated that the infection of human astrocytes with E. coli up-regulated the expression of proinflammatory mediators such as IL-8, GRO-a, MCP-1, TNF-a, and iNOS.
The release of chemokines such as IL-8, GRO-a, and MCP-1 can contribute to the inflammatory cell infiltration. Especially, IL-8 and GRO-a, CXC family of chemokines, are known to be chemoattractants and activators for neutrophils [39] . MCP-1 is a member of the CC family of chemokines, and directs neutrophil and monocyte/macrophage infiltration to the site of infection. These chemokines have also been found in various inflammatory responses at CNS [8] . In addition, cytokine TNF-a is known not only to be critically involved in the systemic inflammatory process such as shock, fever, and production of acute phase proteins [40, 41] , but also act as a neurotoxic mediator [7] . iNOS converts l-arginine to l-citrulline to generate NO which is known to be involved in the inflammatory process in CNS [42] . Since the patients with bacterial infection in CNS show high fever and inflammatory cell infiltration such as neutrophils [43] [44] [45] , it is quite obvious that these mediators contribute to the inflammatory processes in CNS. However, we did not find up-regulation of eotaxin and RANTES that are potent chemoattractants and activators of eosinophils. Since eosinophil infiltration is not a major finding of CNS infected with pathogenic bacteria [43, 45] , eosinophils appear to play a biologically insignificant role in inflammatory response of E. coli-infected CNS tissues.
NF-kB plays a key role in regulating the transcription of several members of proinflammatory gene family that is induced in response to inflammation or infection with pathogens [17] [18] [19] [20] [21] . Activation of NF-kB in the cytoplasm involves the inducible phosphorylation of IkBs, which then undergoes ubiquitin-mediated proteolysis, thereby releasing NF-kB dimers to translocate to the nucleus [22] [23] [24] . In this study, E. coli infection was found to activate NF-kB in the astrocytes, as assayed by EMSA, and degradation of IkBa and IkBb was observed in E. coli-infected cells. Interestingly, the pattern of NF-kB expression showed prolonged activation, and IkBs disappeared rapidly and for a long period in the primary human astrocytes. In contrast, this phenomenon was not observed in the U87-MG cell line. This discrepancy may be due to the difference between a primary cell and an established cell line. Furthermore, blocking the NF-kB activation significantly decreased the expression of the proinflammatory mediators. These results indicate that phosphorylation and degradation of the inhibitory protein IkBs and subsequent dissociation of this protein from NF-kB complex are necessary for the proinflammatory mediator expression in response to E. coli infection. Suppression of NF-kB activity, however, did not completely inhibit the expression of proinflammatory mediators. Furthermore, both activator protein-1 (AP-1) and NF-kB transcription 
*U87-MG cells were transfected with IL-8-luciferase transcriptional reporters together with expression vectors for superrepressors of TRAF2 or TRAF5, as indicated. After 48 h, cells were infected with E. coli or stimulated with TNF-a (20 ng/ml) for 6 h. † mean fold induction ± SEM in luciferase activity relative to noninfected controls (n = 7). ‡ Significantly different from values for nontransfected cells infected with E. coli or stimulated with TNF-a, respectively (P < 0·05).
factors have been shown to be required in the activation of chemokine genes in human astrocytes infected with picornaviruses [14] . Therefore, it is highly likely that other pathways such as mitogen-activated protein (MAP) kinase pathway may be involved in the expression of the proinflammatory mediators induced by E. coli infection.
IKK has been shown to be a key intermediate in the signal transduction pathway leading to NF-kB activation following infection with pathogenic bacteria [17, 19, 20, 37] . In this study, E. coli infection increased the signals of phosphorylated IKKa/b in astrocytes. NEMO is required for the activation of IKK by inflammatory stimuli such as TNF-a [46, 47] . Treatment with an NBD peptide, which blocks the association of NEMO with the IKK complex, decreased the NF-kB target gene IL-8 expression in E. coli-infected astrocytes. These findings suggest that transcription of the proinflammatory mediators in response to E. coli infection is regulated via IKK activation. The activation of IKK requires their phosphorylation, which is mediated by NIK [48] . As shown in the present study, transfection with NIK superrepressor reduced the up-regulation of the IL-8, MCP-1, and NF-kB reporter activation in response to E. coli infection. These results suggest that the integral components of the signal transduction pathway leading to NF-kB activation such as NIK may be involved in signal transduction for the activation of the NF-kB target genes in E. coli-infected cells.
Activation of NF-kB through TNF receptor family members in response to extracellular signalling involves TRAFs that serve as adaptor molecules in these signal transduction pathways (e.g. TRAF2 and TRAF5 are involved in signalling through TNF and LT-bR, respectively) [38, 49] . At upstream of the TNF-a-activated signal transduction pathway, NIK is known to interact with TRAF2, leading to NF-kB activation and IL-8 expression [50] . Recently, iNOS expression of astrocytes has been demonstrated to acquire TRAF2, TRAF6 and NIK-dependent pathway [51] . In addition, the infection of colon epithelial cells with enteroinvasive bacteria, such as Salmonella, could induce NF-kB activation, in which TRAF2 and TRAF5 were involved in this signal transduction [17] . Similar to the above, the present study also showed that interference of TRAF2 signalling by transfection with a superrepressor of TRAF2 significantly inhibited IL-8 reporter gene activity in response to E. coli infection, and that blocking TRAF5 also inhibited IL-8 reporter gene activity. Taken together, our findings suggest that E. coli infection activates a number of different intracellular signalling pathways used by TNF receptor family members, ultimately culminating in the activation of NF-kB and its target genes.
In conclusion, our data indicate that the NF-kB signal transduction pathway, including TRAF, NIK, and IKK, is involved in E. coli-induced expression of several CXC and CC chemokines, TNF-a, and iNOS in astrocytes. These proinflammatory mediators may contribute to the inflammatory process of diseases such as meningitis or brain abscess.
